Electrogastrograms (EGGs), heart and respiratory rates were recorded simultaneously from human subjects and analyzed spectrally by the maximal entropy method. The stress of the mirror drawing test (MDT) significantly increased both the heart and respiratory rates with an associated increase in LF/HF ratios. MDT stress, however, increased (excited groups) or decreased (inhibited groups) the power amplitude and the power ratio, (peak power during MDT)/(peak power during rest), of the 1-cpm (0-2.4 cpm), 3-cpm (2.5-4.9), 6-cpm (5.0-7.4), 8-cpm (7.5-9.9) and 10-cpm (10.0-12.9) spectral group components of the EGG recording of the electrical activity of the gastrointestinal tract. The depression scores of the subjects in the MDT stress excited group were higher and their resting frequencies were significantly lower than those of the MDT stress inhibited groups in each of the epigastric, supra-umbilical and infra-umbilical 6-cpm frequency groups but not in the epigastric 1-cpm frequency group. Anxiety scores of the MDT stress excited groups were significantly higher and their power ratios were also significantly higher than those of the inhibited groups in each of the epigastric 10-cpm, the supra-umbilical 6-cpm and the infra-umbilical 1-and 3-cpm frequency groups. Therefore, depression scores appeared to have inhibitory effects on the resting EGG frequencies, while anxiety scores appeared to have facilitatory effects on the EGG power ratio during MDT stress. It is suggested that analysis of EGG under MDT stress would provide a measure of the stress sensitivity of the electrical activity of the human gastrointestinal tract.
Introduction
It is well known that stress influences gastric, small intestinal and colonic activity as well as the heart and respiratory rate (Holtmann and Enck, 1991; Musial and Enck, 1993) . But
Correspondence to: Shinji Homma, MD, PhD, Division of Organ Physiology, Department of Regenerative and Transplant Medicine, Graduate School of Medical and Dental Sciences, Niigata University, Niigata 951-8510, Japan Phone: +81-25-227-2071 Fax: +81-25-227-0756 e-mail: sjhomma@med.niigata-u.ac.jp intestinal motility studies of human subjects appear to be more stressful if they are undertaken using intraluminal pressure recording involving the insertion of a pressure sensor into the colon via the anus to record colonic motility, than if performed using surface electrogastrography (EGG). EGG is a non-invasive and non stressful method of studying the gastrointestinal electrical activity, which reflects some of their motility (Smout et al., 1980; Mintcef and Bowes, 1997) . We have reported that gastric, intestinal and colonic electrical activity can be recorded using EGG (Homma et al., 1995; Homma, 1997; Homma et al., 1999 Homma et al., , 2000 . Therefore, it would appear to be possible to record stress responses as reflected in gastrointestinal electrical activity using non-invasive EGG (Fedor and Russel, 1965) . In this study, we have simultaneously recorded the ECG, respiratory rate and EGG, at rest in human subjects, and compared it both under the stress load of performing a mirror drawing test (MDT), as well as a meal to study the effects of stress on these parameters in humans. We then compared the mean heart rate, the respiratory rate, the frequencies and power of spectrally analyzed EGGs, LF, HF and the LF/HF ratio from ECG R-R intervals during fasting rest, during MDT stress and after having a meal. Topographical EGG maps were also drawn for the determination of maximal power foci (MPFs) in the resting state, during MDT stress and after having a meal (Homma, 1997; Homma et al., 1999 Homma et al., , 2000 Zhou et al., 1997) . The anxiety and depression scores of the subjects were also determined using hospital anxiety and depression scales (HADS) (Zigmond and Snaith, 1983 ). Thus, we were able to compare the mean values of the EGG parameters with anxiety scores, depression scores and the LF/HF ratio. We found that MDT stress induced an increase in both heart and respiratory rates together with dual excitatory and inhibitory effects on gastrointestinal electrical activity and EGG, which were correlated with anxiety and depression scores. Preliminary reports of this study have been published as abstracts (Homma, 2002 (Homma, , 2003 (Homma, , 2004 (Homma, , 2005a .
Methods
The subjects in this study were healthy volunteers aged 19-38 years old (n=43; 37 men, 6 women), each of whom had given their informed concent. The project was approved by the ethics committee of Niigata University, School of Medicine, Niigata, Japan (project no.179). Unipolar EGGs were recorded at 16 locations on the body surface (see Fig. 1 ) using a reference electrode attached on the right leg, using a modified EEG amplifier (time constant = 5 sec, high cut = 0.5 Hz, low cut = -6 dB/oct, and high cut = -12 dB/oct, Biotop 6R12-4, NEC Sanei, Japan) (Homma et al., 1999) . After cleaning the skin with ethanol, disc electrodes for EEG recordings (ϕ = 11 mm) were fixed to the skin with surgical tape and electrode cream (Signa Cream, Parker Labs., Inc., USA). EGGs were recorded after more than 8 hours fasting and sampled either every 128 sec (1 file) and 1 sec clock for about 30 min during the fasting rest period, 5 min during mirror drawing test (MDT)-stress and 30 min after having a meal (Cup Noodle, 364 kcal/ cup, Nissin, Japan). The MDT involves tracing a metal star through its cue figure reflected on Abbreviation: cpm, cycles per minute; ECG, electrocardiogram; EGG, electrogastrogram; HF, high focus; LH, low focus; MDT, mirror drawing test.
to a mirror with an electric pen, which emits a click alarm when the tracing runs off the edge of the star.
The number of errors made during MDT were not taken into account. A supine position was maintained during the fasting rest period and during MDT stress, but an upright position was assumed during completion of the HADS (for about 5-10 min) and while consuming the meal (for about 10 min). EGG sampling was not performed while in an upright posture while completing the HADS or when having a meal for about 10-20 min, because of the need to remove the large movement artifacts from the EGG. After the meal, a supine position was again adopted. The EGG were analyzed spectrally by the maximal entropy method (MEM ) (Fig. 2) .
Ensemble means of the spectra during the fasting rest period (n=7-10), during MDT stress (n=2), and after a meal (n=7-10) were obtained. Five spectral frequency groups were defined and their peak frequencies, power (spectral amplitude) and power ratio, (peak power during MDT or after a meal)/(peak power during rest), were calculated and compared as previously described (Homma et al., 1999) . The spectral frequency-groups were as follows: 1-cpm group (0-2.4 cpm), 3-cpm (2.5-4.9), 6-cpm (5.0-7.4), 8-cpm (7.5-9.9) and 10-cpm (10.0-12.9), as previously described (Homma, 1997; Homma et al., 1999 Homma et al., , 2000 . For convenience in this study,
we compared the means of the epigastric spectral EGGs (the means of the frequencies and power at electrode locations 3, 4, 5 and 6, defined as CH1 in Tables 2, 3 and 4), with the supraumbilical spectral EGGs (mean of channels 7, 8 and 9, CH2) and with the infra-umbilical spectral EGGs (mean of channels 12, 13 and 14, CH3) (Fig. 1) . The electrocardiogram (ECG) and respiratory rate were also recorded using a thermister simultaneously with the EGG recording during the fasting rest period, during the MDT and after the meal. The LF (0.039-0.148 Hz), HF (0.148-0.398 Hz) and the LF/HF ratio were calculated from R-R intervals in the ECG (ECG R-R) by spectral MEM analysis. A representative example of a running spectrum and of the continuous LF/HF ratios, during rest, during MDT stress and after having a meal (postprandial period) is shown in Fig. 2 . While in the upright posture, the LF/HF ratio usually increased due to compensatory tachycardia (Fig. 2) . The mean LF/HF ratios calculated during the fasting rest period, during the MDT and after a meal were used for statistics. Anxiety and depression scores were estimated by HADS (hospital anxiety and depression scales) (Zigmond and Snaith, 1983; Mykleton et al., 2001) . No subject was found to have a HADS score of more than 11, a score which would be considered to be indicative of depression or anxiety.
Means and standard errors (SE) were calculated, and the Student's t-test was used. P values below 0.05 were considered to be significant. 6 . In this subject, MDT stress induced no change in electrode 5 of the epigastric EGG, but induced a noticeable increase in the power of the 1-cpm group (0-2.4 cpm ) of the EGG. In electrode 5 of the epigasric EGG, postprandial power increase is clearly seen in the 3-cpm group. During the fasting rest, the MDT rest and the MDT test periods, as well as after having a meal, the subjects were in supine position. An increase in LF/HF is clearly seen on shifting from the supine to the upright posture for a meal in this case probably due to compensatory tachycardia.
Results

Mean heart rate, respiratory rate, LF, HF, and LF/HF during fasting rest, during MDT stress, and after a meal
In general, while the heart rate increased during MDT stress, a slight decrease was observed in 2 out of 42 subjects tested. The respiratory rate increased in all 43 subjects undertaking MDT stress. Therefore, the mean resting heart and respiratory rates increased significantly and significant HF and LF/HF ratio increase were associated with MDT stress (P<0.0001 to 0.05). While the mean respiratory rate recovered to the resting level, the mean heart rate did not fully recover and the LF/HF ratio further increased postprandially (Table 1) .
Mean spectral power ratio, MDT power ratio (peak power during MDT)/(peak power during rest) and postprandial power ratio (peak power after meal)/(peak power during rest)
MDT stress and having a meal had effects on the gastrointestinal electrical activity, as evidenced by EGG as well as by the spectral frequencies, the peak power, and the power ratios.
The highest MDT power ratio (M/r in Table 2 ) was seen in the 1-, 3-and 6-cpm frequency groups of all of the recording regions, i.e., epigastric (CH1), supra-umbilical (CH2) and infraumbilical regions (CH3). The increase in the postprandial power ratio (p/r in Table 2 ) was observed in every spectral group and in every recording region (n = 40) ( Table 2) .
Inhibitory effect of MDT stress on MDT power ratio (MDT/r) and on the postprandial power ratio (ppr/r)
The mean power ratio increased during MDT stress (M/r) or after a meal (p/r) ( Table 2) . A power ratio of less than 1, indicative of the inhibitory effects of MDT stress or a meal on the spectral EGG, however, were observed during MDT stress (5-13 subjects), or after a meal (5-19 subjects) ( Table 3 ). The mean power ratio of those in the inhibited group was rather even in Table 1 . Mean heart rate (beats/min), mean respiratory rate (ventilation/min), LF (mS 2 ), HF (mS 2 ) and LF/HF (mean ± SE), n=17-43, during the fasting rest period (at rest), during the MDT (mirror drawing test) and after a meal (postprandial, ppr). pER: postprandially respiratory rate increased group; pIR, postprandially respiratory rate decreased group; resp. rate, respiratory rate.
heart rate 58.9 ± 1.15 (42) every spectral group in the three EGG recording (CH1, CH2, CH3) both during MDT stress and after a meal (Table 3 ). The mean power ratio of the excitatory group (power ratio>1), excluding the inhibitory group, was similar to the whole mean power ratio (Table 2 ) and a marked increase in the power ratio during MDT stress (M/r) was seen in the 1-, 3-and 6-cpm frequency groups in every EGG recording region (not shown in Tables) .
Topographic EGG maps
The topographic EGG maps of the 5 spectral groups are superimposed in Fig. 3 . The postprandial concentration of the maximal power foci (MPFs, encircled by a thick line) of the 3-cpm frequency is seen on the epigastrium and 33/40 (82.5%) of the MPFs are higher in power amplitude than those during rest (encircled by a thin line). These excitatory postprandial MPFs are colored red. Only 7/40 (17.5%) of the 3-cpm frequency group postprandial MPFs were lower than those during rest (inhibitory MPFs, blue). The excitatory 3-cpm frequency group MPFs of MDT stress (red) are not as concentrated on the epigastrium as the postprandial MPFs. The MDT excitatory 3-cpm frequency group MPFs (red) were 30/43 (69.8%) and inhibitory MPFs (blue) were 13/43 (30.2%). The MDT excitatory 6-cpm frequency group MPFs were 32/43 Table 2 . Mean peak power ratios of the EGG, (peak power during MDT)/(peak power at rest, M/r) and (postprandial peak power/peak power at rest, p/r) on average in the 5 spectral groups (n=43 in M/r, n=40 in p/r). CH1, epigastrium; CH2, supra-umbilical region; CH3, infra-umbilical region.
1 cpm 3 cpm 6 cpm 8 cpm 10 cpm CH1 (M/r) 28.9 ± 8.5 (a) 9.0 ± 3.52 (b) 16.7 ± 6.0 (c) 9.0 ± 2.9 (d) 6.3 ± 2.1 (e) CH2 (M/r) 26.6 ± 6.7 (f) 15.2 ± 6.2 (g) 22.3 ± 7.4 (h) 7.7 ± 2.1 (i) 10.0 ± 5.0 (j) CH3 (M/r) 35.3 ± 10.4 (k) 34.6 ± 12.8 (l) 24.9 ± 9.4 (m) 9.0 ± 2.2 (n) 5.6 ± 1. Table 3 . Inhibitory effect of MDT on the mean peak power ratio of the EGG, (peak power during MDT/peak power at rest, M/r) is below 1.00 and the inhibitory effect on the power ratio after a meal (peak power after a meal/peak power during rest, p/r) is below 1.00 (<1.00). CH1, epigastric region; CH2, supraumbilical ergion; CH3, infra-umbilical region, respectively. Numbers in each group are given in parenthesis.
1 cpm (n) 3 cpm (n) 6 cpm (n) 8 cpm (n) 10 cpm ( (74.4%) and inhibitory MPFs were 11/43 (25.6%). The postprandial 6-cpm excitatory MPFs were 29/40 (72.5%), and inhibitory MPFs were 11/40 (27.5%). It is suggested that the 3-and 6-cpm frequency group infra-umbilical MPFs might be the result of colonic electrical activity. Therefore, we calculated the presence ratio of 3-and 6-cpm frequency group MPFs in supra-umbilical (including the epigastrium in this section) and the infra-umbilical region. The MPFs were classified as excitatory supra-umbilical (se), inhibitory supra-umbilical (si), excitatory infra-umbilical (ie), and inhibitory infra-umbilical (ii). The postprandial concentration of excitatory 3-cpm frequency group MPFs in the epigastrium in topographic EGG maps was indicated as 65% in the supra-umbilical region. The 3-cpm frequency group se, si, ie and ii were 53.6, 16.3, 16.3 and 13.9% respectively, while the 6-cpm frequency group se, si, ie and ii were 46.4, 13.9, 30.2 and 9.3%, respectively.
Mean spectral frequencies at rest, during MDT stress, and after a meal
Mean resting spectral frequencies increased during MDT stress (MDT) and after a meal in the 3-cpm frequency group in the three EGG recording regions (CH1, CH2 and CH3). Especially, the resting frequency in the 3-cpm frequency group significantly increased during MDT stress (P<0.001~0.01). The spectral frequency which increased during MDT stress in the 6-cpm group was also seen in CH2. The increased spectral frequency in the 3-cpm frequency group during Red MPFs indicate that their counterpart power is higher than the resting ones (power ratio>1.0) and blue ones indicate that their counterpart power is lower than the resting ones (power ratio<1.0).
MDT stress significantly decreased after a meal in CH2 and CH3 (P<0.05) ( Table 4) .
Comparison of anxiety scores (A), depression scores (D) and LF, HF and LF/HF ratio in excitatory and inhibitory groups with the power ratio (pr) or spectral frequency (f)
The groups in which the power ratio increased during MDT (the excitatory groups) have significantly higher anxiety scores in CH1-10-cpm, CH3-1-cpm, and CH3-3-cpm frequency groups (P<0.05) than in the inhibitory groups. In the CH3-6-cpm frequency group, the MDT LF/HF ratio (not the resting LF/HF ratio) of the excitatory group was significantly lower than that of the inhibitory group (Table 5) .
It is noteworthy that the mean spectral frequencies in the groups in which the frequency decreased during MDT (the inhibitory groups in frequency) are significantly higher than those of the excitatory ones and vice versa. Therefore, the resting spectral frequencies of one group (inhibitory or excitatory groups in frequency) became nearer to the MDT frequencies of the other groups (excitatory or inhibitory groups in frequency) during MDT stress and vice versa.
Furthermore, it is noteworthy that the depression scores of the excitatory frequency groups (with lower spectral frequencies during rest) are significantly higher than those of the inhibitory groups (with higher spectral frequencies during rest) in the CH1-6-cpm, CH2-6-cpm and CH3-6-cpm frequency groups (P<0.01~0.05), except for the CH1-1-cpm frequency group. In the CH2-6-cpm-excitatory frequency group, anxiety scores are also significantly higher than in the inhibitory group. In other words, as for the stress responses and the resulting power ratio during MDT, anxiety scores are higher in the excitatory power ratio group (CH1-10-cpm, CH3-1-cpm and CH3-3-cpm frequency groups). With regards to frequency, the depression scores of the excitatory groups are higher and their resting spectral frequencies are lower than those of the inhibitory groups (CH1-6-cpm, CH2-6-cpm and CH3-6-cpm frequency groups). Higher depression scores seem to result in a lower resting spectral frequency. 
Discussion
It is well known that stress induces dual excitatory and inhibitory effects on gastrointestinal activity. The cold stress test decreased gastric motility as measured manometrically (Fone et al., 1990) , while noise increased the amplitude of EGGs (Fedor and Russel, 1965) . Dichotic listening, video games and mental stress decreased intestinal motility as observed by the number of myoelectric motor complexes (MMCs) measured by manometry (McRae et al., 1982; Valori et al., 1986; Holtmann et al., 1989) but increased the transit time in human jejunum (Barcley and Turnberg, 1987) . Cold pressor test stress, interview and arithmetic increased colonic motility as measured by both manometry and EGG (Chaudhary and Truelove, 1961; Narducci et al., 1985; Welgan et al., 1985) (reviewed by Musial and Enck, 1993) . Electric shock significantly decreased the percentage of the 3 cpm frequency group and tachyarrhythmia (%) component of the EGG but forehead cooling increased the percentage of the 3 cpm frequency group (Muth et al., 1999) . In particular, MDT induced an increase in colonic motility in irritable (Fukudo and Suzuki, 1987) .
Therefore, MDT appears to be the method of choice for a study of the responses of the gastrointestinal tract of human subjects to acute stress.
Mean heart rate significantly increased during MDT stress (Table 1) . This increase may be via an increased sympathetic nerve activity of the heart because a sympathetic tone indicator, LF/HF, also significantly increased during MDT stress (Table 1) . Neither the increased mean heart rate, nor the elevated LF/HF ratio, which occurred during MDT stress, fully recover even after a meal, while the mean respiratory rate did fully recover. The mean respiratory rate recovery which appeared to occur during a meal is probably due to the large numbers of subjects (n=17) who following the MDT stress had a reduced respiratory rate after a meal. If we separate the subjects into groups that either had an increased (ig; n=17) or decreased (dg; n=25) respiratory rate post-prandially from the other subject as shown in Table 1 , the decreased group was slightly higher in both anxiety (dg = 3.9 ± 0.59; ig = 3.4 ± 0.55), and depression scores (dg = 3.3 ± 0.49, ig = 3.0 ± 0.40), as well as in their resting LF/HF ratio (dg = 1.97 ± 0.33, ig = 1.52 ± 0.26), but these differences were not significant. While they were just significantly different in postprandial respiratory rate (between l and m, P<0.05, Table 1 ), the psychological and physiological explanation for these responses are not clear. But on the other hand, the heart rate of the subject did not recover to the resting level. This may be because the 20 min period undertaking the HADS test and then having a meal might be too short a period for the heart rate to recover from MDT stress. Furthermore, the action of having a meal itself might have increased both the heart rate and the LF/HF ratio. While the MDT stress induced excitatory effects on both the heart rate and the respiratory rate, it induced dual excitatory and inhibitory effects on the frequencies and amplitudes (power) of both the spectral EGG and the gastrointestinal electrical activity (Tables 2-5 and Fig. 3 ). We have previously suggested that the infra-umbilical 3-and 6-cpm frequency group components of the EGG activity were derived from electrical activity of the colon. Therefore, the power ratio increase or decrease in the epigastric, supra-umbilical and infra-umbilical 3-and 6-cpm frequency groups suggest that the targets of MDT stress may include the colon as well as both the stomach and small intestine via the central nervous system, limbic system, hypothalamopituitary-adrenal system, hypothalamo-adreno-medullary system and the autonomic nervous system (Tables 2, 3 , 4 and 5). To clarify the factors that might produce the increase or decrease in either the frequency (f) or the power ratio (pr) of spectral EGGs with MDT, we compared both the anxiety and depression scores with the LF, HF and LF/HF ratios between the two groups, i.e., the increased group (excitatory group) and the decreased group (inhibitory group).
Significant differences in the power ratios were found between excitatory and inhibitory groups of the CH3 infra-umbilical 1-cpm (P<0.01) and 3-cpm frequency groups (P<0.05) and only significantly different factors between them were the anxiety scores (P<0.05 to 0.0) (see Table   5 ). We have previously suggested that the infra-umbilical 3-cpm frequency activity of the EGG reflect the activity of the colon (Homma et al., 1999 (Homma et al., , 2000 . Therefore, higher anxiety seems to induce higher colonic activity under MDT stress. As for differences between excitatory and inhibitory groups in frequencies, depression scores of the excitatory groups were significantly higher than those of the inhibitory groups in the epigastric 6-cpm, supra-umbilical 6-cpm, and infra-umbilical 6-cpm frequency groups (P<0.01~0.05), but not in the epigastric 1-cpm frequency group activity. Anxiety scores were also higher in the supra-umbilical 6-cpm frequency group but the resting frequencies of the excitatory groups were significantly lower than those of the inhibitory groups (P<0.001~0.01). It might be suggested, therefore, that anxiety has a facilitatory effect on the power ratio of infra-umbilical spectral EGG activities, and depression has an inhibitory one on the resting frequency activities of the 6-cpm frequency group of the EGG. In the topographic EGG maps, it is noteworthy that there was a fairly large percentage of infra-umbilical excitatory MPFs during MDT (30.2%), which is probably indicative of colonic excitation.
Psychological stressors producing anger and anxiety increased colonic motility in both healthy controls and irritable bowel syndrome patients (Welgan et al., 1988) . MDT stress significantly increased both the pulse rate and the respiratory rate in this study. It is reported that anxiety is associated with increased bowel frequency, while depressed patients tend to be constipated (Gorard et al., 1996) . Anxiety has also been shown to be negatively correlated with rectal mucosal blood flow (Emmanuel et al., 2001) , while anxiety has also been reported to facilitate antral meal retention (Lorena et al., 2004) . Guthrie et al. (2004) have shown that patients with irritable bowel syndrome had an increased tolerance to colonic distension, which was associated with a reduction in their depression. In this study, we have also found that anxiety and depression scores are positively or negatively correlated with EGG activity, reflecting patterns of gastrointestinal motility. It would thus seem that the stress sensitivity of the human gastrointestinal tract can be studied by recording the surface electrical activity using EGG of gastrointestinal tract during MDT stress.
A postprandial power increase in the 3-cpm component is well known (Smout et al., 1980) . However, a postprandial power decrease is also reported with ingestion of 10% milk or cream (Chen and McCallum, 1990) . We recorded significant power decreases in the supra-umbilical 6-cpm frequency group and infra-umbilical 3-, 6-and 8-cpm frequency groups in our normal subjects (Table 3) . We adopted the mean power from four epigastric electrodes, three supraumbilical electrodes and three infra-umbilical electrodes as the representative EGG power parameters in this study. The postprandial stomach transform due to peristalsis, the volume and temperature of the soup and noodles could have altered the mean values and decreased the postprandial power. As for the relationship between the EGG parameters and the LF/HF ratios, there was a significant difference between the mean MDT-LF/HF (LF/HF during MDT) of the excitatory and inhibitory groups of the infra-umbilical 3-cpm frequency group (Table 5 ). The physiological explanation for this difference is not clear. A simple comparison of mean parameters was not enough to suggest a physiological significance. This suggests that further study needs to be undertaken on the linear regressions between anxiety score and depression scores, and the LF/HF and EGG parameters. A preliminary report of such a study has already been presented in abstract form (Homma, 2005b) . As for postprandial EGG parameters, the resting LF/HF ratio had a negative linear correlation with the postprandial power to resting ratio (ppr/r) in the epigastric, supra-umbilical and infra-umbilical 6-cpm frequency groups.
In conclusion, MDT stress induced dual excitatory and inhibitory effects on the electrical activity of the EGG recorded from the human gastrointestinal, particularly in the colon. Anxiety and depression scores might be related to the EGG responses that occur with acute MDT stress.
